Nonassociative odor learning paradigms are often used to assess memory, social recognition and neuromodulation of olfactory pathways. We here use a modified object recognition paradigm to investigate how an important task parameter, delay between encoding and recall trials, affects the properties of this memory. We show that both memory for a previously investigated odorant and discrimination of a novel odorant decay with delay time and that rats can remember an odorant for up to 45 min after a single trial encoding event. The number of odorants that can be encoded, as well as the specificity of the encoded memory, decrease with increased delay and also depend on stimulus concentration. Memory for an odorant and discrimination of a novel odorant decay at approximately the same rate, whereas the specificity of the formed memory decays faster than the memory itself. These results have important implications for the interpretation of behavioral data obtained with this paradigm.
Introduction
Object recognition is a standard behavioral paradigm used to test nonassociative memory in animals (Petrulis and Johnston, 1999; Bevins and Besheer 2006; Manella et al. 2013 ). An object recognition task generally consists of 2 trials: a familiarization, or encoding, trial in which the animal has a chance to investigate an object, followed by a test, or recall, trial in which the animal is presented with the familiar and a novel object. If the animal investigates the familiar object less vigorously during the test trial than during the familiarization trial, and novel objects more vigorously than the familiar object during the test trial, then it is assumed that that the animal remembers the familiar object from the previous trial and that it can differentiate between the familiar and novel objects (Bevins and Besheer 2006) . The object recognition task can be used to test memory duration by varying the intertrial interval (ITI) between the familiarization trial and the test trial, as well as memory specificity by varying the similarity between familiar and novel objects. Odor recognition tasks are a variant of the object recognition in which odors are used as stimuli rather than physical objects (Manella et al. 2013) . Odor recognition and the very similar habituation tasks have been successfully used to probe questions of social recognition, odor learning, memory duration, and contributions of various brain areas in these processes Petrulis and Johnston 1999; Terrazas et al. 1999; Johnston and Peng 2000; Bevins and Besheer 2006; Linster et al. 2007; McNamara et al. 2008; Wilson and Linster 2008; Dillon et al. 2013) . Odor recognition tasks are implemented using a variety of techniques and parameters; ranging from presenting odors in the homecage to specialized automated platforms that measure investigation , Manella et al. 2013 ). We here investigate how the properties of nonassociative memory, as measured in an odor recognition paradigm, vary as a function of delay between encoding (familiarization) and recall (testing). We find that in rats, the strength and specificity of odor memories decline as a function of time, as does the number of familiar odors than can be remembered. Memory duration also depends on stimulus concentration.
Materials and methods

Subjects
Eighteen male Sprague Dawley rats (10 used in Experiments 1 and 2 and 8 used in Experiments 3 and 4), weighing between 250 and 300 g were purchased from Charles River Laboratory. Rats were pair housed in standard rat cages, with free access to food and water throughout the experiment. All experiments were performed according to the standard procedures of, and approved by, The Cornell University Institutional Animal Care and Use Committee.
Odor recognition task
Our odor recognition task is derived from classical object recognition tasks. The object recognition task measures a simple nonassociative memory without shaping or training. Animals are presented with an odor and allowed to investigate this odor for 5 min (encoding trial); they are subsequently presented with the same odor in the presence of a second, novel odor for 5 min (recall trial). Animals were replaced into their homecage between encoding and recall trials. We define memory for the familiar odor as a significant decrease of investigation of the familiar odor during recall. Discrimination of the novel odor as novel is defined as a significantly higher investigation of the novel odor as compared to the familiar odor during recall. We here use this task (Johnston 1993; Moreno et al. 2009; Manella et al. 2013 ) to test memory duration (how long is an investigated odor remembered), span (how many odors can be remembered), specificity (how specific is the memory to the odor investigated) and the effect of stimulus concentration on memory. All experimental trials were videotaped for later behavioral scoring. Investigation was defined as active sniffing of the odor vial.
Behavioral setup
Rats were first acclimated to handling and to the testing chamber through at least five 10-min daily handling sessions. At the start of each acclimatization session, rats were transferred from the home cage into the testing chamber: a clean, 3 ft × 3 ft × 18ʺ open top chamber made of Plexiglas. Odors were introduced using Eppendorf Tubes containing 60 µL of the desired odorants and placed into custom made holders taped to the base of the chamber. The 10 rats used for Experiments 1 and 2 were simultaneously used in both experiments on alternate days; 5 rats started with Experiment 1 and 5 with Experiment 2. The 8 rats used for Experiments 3 and 4 were first used for Experiment 3, then for Experiment 4.
Experiment 1: odor memory duration
To test how long rats remember an odorant, we varied the delay between the encoding and recall trials between 5 and 50 min. After being placed in the behavioral apparatus, rats were presented with 2 odor-tubes placed in random locations, 1 containing mineral oil (MO) and 1 containing the familiar odor (Table 1 for a list of odorants used). After a variable delay of 5, 10, 15, 30, 35, 40, 45, or 50 min rats were presented with 2 tubes, again placed in randomized locations, 1 containing the familiar and 1 containing a highly dissimilar novel odor ( Figure 1A ). Each rat was tested once a day, and the order of delays was randomized and counterbalanced among rats. For each rat and delay, a pair of odors from the 16 odor list was randomly assigned as familiar and novel odors, with specific pairs not used more than once per rat in this experiment. In summary, each rat was tested in 8 daily sessions (every other day), with order of delay and odors randomized and counterbalanced among rats.
Data were analyzed to test how odor memory and discrimination declines as a function of the delay between the encoding and recall trials. A repeated measures ANOVA using investigation times during encoding and recall trials as within subject effects and delay as between subjects effects was first run. To test for odor memory, we then compared investigation of the familiar odor during encoding and recall trials for each delay individually; to test for discrimination we compared investigation of the familiar and novel odor during recall individually. A memory index I m was calculated to obtain an analogue measure for memory strength: I m = F1/(F1 + F2) with F1 and F2 being the investigation time of the familiar odor during encoding and recall respectively. This index approaches 1 if F2 is much smaller than F1 (high memory) and 0.5 if F2 equals F1 (no memory). Similarly, a discrimination index I d was calculated to obtain an analogue value for the degree of recognition of the novel odor: I d = N/(N + F2) with N being the investigation time in response to the novel odorant. This index approaches 1 for high recognition (N investigated substantially more than F2) and 0.5 for no discrimination (N and F2 investigated similarly). Each of these indices was then correlated with delay and each other using Pearson's R.
Experiment 2: odor memory span
In this experiment we tested how many familiar odors a rat can remember after a given delay time. After being placed in the behavioral apparatus, rats were presented with 1, 2, 3, or 4 familiar odors and between 1 and 4 MOs for 5 min, placed at randomized locations in the apparatus. Because trials were pseudorandomized with respect to the number of familiar odors, we always kept the total number of vials constant, that is, 1 familiar odor and 4 MOs, 2 familiar odors and 3 MOs, etc. After 5, 15 or 30 min, these familiar odors plus a novel odor were presented at novel randomized locations in the apparatus for 5 min. Odors used for this experiment are specified in Table 1 . For each odor span and delay combination, a unique combination of odors from the 16 odor list was used for each rat. Each rat was tested 6 times on alternate days, with the order of number of familiar pseudorandomized and counterbalanced.
In this experiment, because of the variable number of odors in each subset, data for each odor span were analyzed separately. For each number of familiar odorants, a repeated measures ANOVA using investigation times during encoding and recall trials as within subjects effects was run. To test for odor memory, we then compared the average investigation of the familiar odors during encoding and by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from recall; to test for discrimination we compared the average investigation of the familiar odors to the investigation time of the novel odor during recall. The memory index I m was calculated to obtain an analogue measure for memory strength: I m = F1/(F1 + F2) with F1 and F2 being the average investigation times of all familiar odors during encoding and recall, respectively. This index approaches 1 if F2 is much smaller than F1 (high memory) and 0.5 if F2 equals F1 (no memory). Similarly, a discrimination index I d was calculated to obtain an analogue value for the degree of discrimination of the novel odor: I d = N/(N + F2) with N being the investigation time in response to the novel odorant. This index approaches 1 for high recognition (N investigated substantially more than F2) and 0.5 for no discrimination (N and F2 investigated similarly). Each of these indices was then correlated with the number of familiar odors used using Pearson's R.
Experiment 3: odor memory specificity
In this experiment we tested how the specificity of an olfactory memory changes as the delay between encoding and recall varies. To test memory specificity, we used 2 series of straight chain aliphatic odorants, shown to be a robust model for perceptual similarity (see Table 2 for list of odorants used; Cleland et al. 2002) . Rats were first presented with the 2-carbon odor (C2) of the series paired with 4 tubes containing MO for 5 min; after a variable delay of 10, 20, 30, 40, or 50 min, rats were presented with the familiar odor paired with novel odorants differing by 1, 2, 3, and 4 carbons (C3, C4, C5, and C6) from the familiar odor for 5 min. To assess memory for the familiar odor we compared investigation of the familiar odor (C2) during encoding and recall. To assess memory specificity, we compared investigation of the familiar and novel test odors during recall. Rats were tested once a day with order of delays randomized among rats. Each rat was tested twice using 2 sets of odor series with order of odorsets randomized among rats (Table 2) .
Data were first analyzed using a repeated measures ANOVA with odor investigation times as within subject effects and delay as between subject effects. To test for memory at each time delay we then compared investigation times in response to the familiar odor during encoding and recall. Discrimination of each novel odor as different from the familiar odor was assessed by pair-wise comparisons of investigation times to the familiar odor and each novel odor during recall (discrimination) at each delay separately. Memory and discrimination indices were calculated as in Experiment 1 and correlated with delay using Pearson's R.
Experiment 4: effect of stimulus concentration on odor memory
In this experiment, we tested how memory for an odor varies with stimulus concentration. The experiment was conducted similarly to Experiment 1 but with an additional test at a 10-fold lower odor concentration. Rats were tested at 10, 20, 30, 40, and 50 min delays with 1.0 and 0.1 Pa odor concentrations. The order of delays and odor concentrations was randomized and counterbalanced among rats and each rat was tested 10 times. As detailed for Experiment 1, unique pairs of odorants were chosen for each delay/rat combination; odors are specified in Table 1 .
Investigation times were first analyzed using a repeated measures ANOVA with odor trial as within subject effects and delay and odor concentration as between subject effects. We then tested memory and discrimination at each delay/concentration combination by directly comparing investigation times between familiar and novel odors as described for Experiment 1.
Results
The results presented here show a strong effect of delay on odor memory, duration and span. As the memory for an odor declines over time it also becomes less specific to the odor encoded.
Experiment 1: odor memory duration
This experiment tested how long an odor can be remembered after a single, nonassociative 5-min encoding event ( Figure 1A ). Rats were presented with a familiarization odor during encoding 1 (F1) and subsequently presented with this same odor (F2) or a novel odor (N) after a variable delay ( Figure 1A ). Ten rats were included in the analysis of these data. Overall analysis of variance showed a significant effect of investigation time F(3, 69) = 37.909; P < 0.001) as well as an interaction of investigation time and delay [F(21, 71) = 3.485; P = 0.003], suggesting that relative investigation times varied as a function of delay. Memory for the familiar odor was assessed at each delay by comparing investigation of the familiar odor during encoding and recall trials: significant differences (P < 0.05) were found at all delays other than 45 and 50 min ( Figure 1B) . Discrimination of the novel odor as novel was assessed by comparing investigation of the novel odor and the familiar odor during the recall trial: significant differences (P < 0.05) were found at all delays except 50 min. These data show that rats remember the familiar odor up to 45 min and can differentiate it from a perceptually dissimilar odor up to 50 min. We found a significant negative correlation between the memory and discrimination indices and delay (Pearson's R = −0.353 and −0.366, both with P < 0.001), showing the memory for an encoded odor and recognition of a novel odor decrease as the delay between encoding and recall decreases ( Figure 1C) . Overall there is a strong correlation between the memory index and discrimination index (Pearson's R = 0.809; P < 0.01) showing that when encoded and novel odor are perceptually dissimilar, these 2 measures are congruent ( Figure 1D ).
Experiment 2: odor memory span
This experiment tested how many odorants can be encoded and successfully recalled. We first tested the encoding of 1, 2, 3, or 4 odorants using a 15-min delay (Figure 2A ). Ten rats were included in the analysis of these data. To test whether the number of odorants that can be recalled varies with the delay, we then tested encoding of 3 odorants with a 5-min delay and encoding of 2 odorants with a 30-min delay. Each experiment was analyzed separately. When given only one familiar odor and a 15-min delay, as expected from Experiment 1, a significant effect of odor [F(3,6) = 9,852; P = 0.01] was found, as well as significant differences between F1 and F2 (P = 0.025) as well as F2 and N (P = 0.004) (Figure 2Bi ). These results show successful recall and discrimination at the 15-min delay. With 2 familiar odors, we found no overall significant effect of odor [F(5, 2) = 3.347; P = 0.246]. Rats investigated the 2 familiar odors similarly during encoding, indicating no preference for either odor (P = 0.087). Rats investigated the familiar odors significantly less during recall than encoding (P = 0.009) and investigated the novel odor significantly more than the familiar odors during recall (P = 0.004) (Figure 2Bii ). These results show that after a 15-min delay, 2 familiar odors can be successfully recalled. When presented with 3 odorants during encoding, rats investigated the familiarization odors in a similar manner during encoding and recall trials (P = 0.8 and P = 0.055), indicating no difference in preference between these odorants. There was no significant difference between the average response to familiar odors during encoding and recall, or between the average response to familiar odors and the novel odor during recall (P = 0.157 and P = 0.410, respectively) (Figure 2Biii ). These results show that after a 15-min delay rats cannot recall 3 simultaneously encoded odors. Similarly, when 4 familiarization were presented, they were similarly investigated during Trials 1 and 2 (P = 0.333) with a significant (but opposite of memory) difference between average investigation of F2 and F1 (P = 0.003) but not F2 and N (P = 0.359) (Figure 2Biv) .
We then tested if shorter or longer delays would increase or decrease odor span ( Figure 2C ). Using a 5-min delay, we found no difference in investigation of 3 familiar odors during encoding and recall (P = 0.473 and P = 0.811, respectively). However, rats investigated the familiar odors on average significantly less during recall than encoding (P = 0.002) and investigated the novel odor significantly more than the familiar odors during recall (P < 0.001) (Figure 2Ci ). This result shows that while after a 15-min delay, 3 familiar odors cannot be recalled, after a 5-min delay they can be successfully recalled. In contrast, when presented with 2 familiar by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from odorants using a 30-min delay, similarly to the previous results rats investigated these similarly during encoding and recall (P = 0.811). In this case, there was no difference between average investigation of the familiar odors during encoding and recall (P = 0.074) or between familiar and novel odors during recall (P = 0.641) (Figure 2Cii ). This result shows that while 2 odorants can be successfully recalled after a 15-min delay, they cannot be recalled after a 30-min delay. Figure 2D shows the significant correlations between the number of familiar odors presented and memory (R 2 = −0.6381; P < 0.01) and discrimination (R 2 = −0.642; P < 0.01) indices at the 15-min delay. For comparison purposes, memory and recognition indices for 3 odors at a 5-min delay and 2 odors at a 30-min delay are also shown on the same graph.
In summary, this experiment showed that how many odors can be successfully recalled depends on the delay between encoding and recall and that memory rapidly decreases as the number of odorants is increased.
Experiment 3: odor memory specificity
This experiment tested how specificity for the encoded odor decreases over time and if it decreases similarly to the memory for the odor itself. Eight rats were included in the analysis of these data. We used 2 families of odorants which have previously been show to be perceptually similar to each other in a predictable fashion in this experiment (Cleland et al. 2002) . Rats were presented with a 2-carbon aliphatic odorant during encoding; during recall this same odorant was presented in parallel with 4 odorants of decreasing perceptual similarity ( Figure 3A,B) . Figure 3C shows how odorants are discriminated from the encoded odor after a 10-min delay (previously shown to lead to good memory of an encoded odor). As the difference in the number of carbons between the encoded and novel odorants increases, discrimination from the familiar odor also increases, showing that there is a uniform, quasi-linear relationship between difference in carbon chain length and discrimination (Pearson's R = 0.335; P < 0.05). As the delay between encoding and recall increases, the slope of the relationship between difference in carbon chain and memory decreases as well because odorants are less well discriminated (Pearson's R = 0.212 for 20 min (P < 0.05), 0.294 for 30 min (P < 0.05), 0.216 for 40 min (P > 0.05) and 0.082 for 40 min (P > 0.05), data not shown).
An overall repeated measures analysis showed a significant effect of trial [F(3, 37) = 20.19; P < 0.001] but no interaction with delay. Pairwise comparisons were used to assess if the encoded odor was recalled (difference between encoding and recall) and to what degree the range of novel odors was discriminated from the encoded odor (difference between familiar and novel odors during recall). We found that rats recalled the encoded odor after 10, 20, 30, and 40 min delay (P < 0.05 in all cases), as predicted from the results of Experiment 1. Discrimination of related novel odors varied with the delay to recall: the most similar odors (C3 and C4) were discriminated only after the shortest delay (10 min; P = 0.001 and P = 0.014); the less similar odor C5 was discriminated after 10 and 20 min (P = 0.006 and P = 0.024), whereas C6 was discriminated at all delays (10 min: P < 0.001; 20 min: P = 0.024; 30 min: P < 0.001 and 40 min: P = 0.018) ( Figure 3C ). As expected from Experiment 1, the calculated memory index was significantly correlated to delay by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from (R 2 = −0.316; P < 0.05). Memory for the encoded odor and average degree of novel odor discrimination were strongly correlated (R 2 = 0.844 with P < 0.01; Figure 3D ), showing that as memory for an odor decreases, the specificity for that odor also decreases. In summary, Experiment 3 shows that as the memory for an odor declines over time, the specificity of this memory also declines. In other words, the odor is more likely to be mistaken for a perceptually related odor if more time has passed.
Experiment 4: effect of stimulus concentration on odor memory
This experiment tested how odor concentration affects memory duration. The experiment was conducted in a manner similar to Experiment 1, with the exception that rats were tested with odors at 2 concentrations, differing by one order of magnitude. Six rats were included in the analysis of these data. Rats were tested on delays of 10, 20, 30, 40, and 50 min, using a perceptually dissimilar novel odor.
An overall ANOVA showed a significant of odor [F(3, 37) = 20.19, P < 0.001] , with an interaction between odor and concentration [F(3, 37) = 9.895; P < 0.001] but not delay (P > 0.14). Pairwise comparisons showed that as expected from Experiment 1, rats significantly investigated the familiar odor less during recall than encoding and the novel odor more than the familiar odor during recall at all delays when 1.0 Pa odors were used (P < 0.05 in all cases; Figure 3B ). In contrary, when rats were exposed to 0.1 Pa odorants, both significant memory and discrimination were observed after 10-min delays only (P = 0.028 and P = 0.008; Figure 3A) . Figure 3C shows how memory and discrimination indices vary as a function of delay and odor concentration. These results show that as odor concentration decreases, the duration of the odor memory decreases.
Discussion
We describe properties of a commonly used nonassociative memory task in rodents, which we have here adapted to probe for memory duration, specificity and span. We show that both the specificity and the span of the formed memory decline as the formed memory itself declines. In rats, a memory for an odor acquired in a single trial lasted for more than 40 and less than 60 min, and the strength of this memory declined smoothly with time elapsed (Figure 1) . Interestingly, the strength of the formed memory is correlated to the time rats initially investigate the odorant (Pearson's R = 0.523; P < 0.01). We took care in the present experiments to choose odorants that fall into the neutral category (Devore et al. 2013) and are neither preferentially investigated or avoided by rats. In each experiment, we randomly assigned familiar odorants from a battery of 16 odors in order to prevent likes and dislikes of odorants to affect our results. The fact that memory strength depends on initial investigation time does raise the possibility that preferred odorants, which are naturally investigated more (see Devore et al. 2013 for details) maybe remembered longer than less preferred odorants.
We investigated how many odors rats could remember in this paradigm and found that this number depends on the delay between encoding and recall: 3 odors could be recalled after 5 min, 2 odors after 10 min, and only one odor after 20 min or more (Figure 2) . We adapted the commonly used paradigm to probe memory specificity for an odorant in a single session by presenting the rat with a single familiarization odor followed by presentation of a series of chemically and perceptually similar (Cleland et al. 2002) odorants during the recall trial. We found that the specificity of the memory, indicated by the degree to which rats confused novel odorants with the familiar one, declined steadily as the delay increased. There was a strong correlation between the strength of memory for the familiar odor and the specificity of this memory (Figure 3) , however, specificity decreased faster than the memory itself. We then tested how memory duration is affected by odor concentration, representing stimulus salience and found that as concentration decreases, duration of memory also decreases (Figure 4) Our results show that an odor object recognition task can be used to probe properties of odor memory such as memory span, specificity, and duration. Each of these properties strongly depend on the delay used between the encoding and recall trials as well as the stimulus concentration used. These data will provide us with choices for baseline experiments when trying to evaluate the effects of experimental manipulations on odor memory. Previous research from our lab used a similar paradigm in rats and found that control rats, not submitted to experimental manipulations, remembered a familiar odor after 30, but not 60 min (Manella et al. 2013) , in agreement with the present results. We performed a similar systematic investigation of the effect of task parameters on odor memory in mice, using a slightly different paradigm and found that in mice, memory for an odor faded by 20 min rather than 60 min, showing that species differences need to be taken into consideration when choosing task parameters (McNamara et al. 2008; Dillon et al. 2013; Freedman et al. 2013 ).
The present data should help interpret existing and future data using an odor recognition task. For example, from previous experiments we know that if changes in memory duration due to an experimental manipulation are measured, such as in (Rochefort and Lledo 2005) , it is important to know which delay to probe to allow modulations in both directions. Similarly, the present data show that if specificity is modulated through experimental manipulations (Kiselycznyk et al. 2006; Mandairon et al. 2006a; Escanilla et al. 2008; Guérin et al. 2008; Escanilla et al. 2009 ), a short delay would allow observation of a decrease in specificity (e.g., by blocking cholinergic receptors), whereas a longer delay would allow observation of an increase in specificity (e.g., by increasing cholinergic tone in the olfactory bulb). In other words, the experiments presented here predict ceiling effects that could affect the interpretation of existing results and future results.
The formation and expression of nonassociative odor learning can be affected by a multitude of parameters such as number of presentation trials (Freedman et al. 2013) , perceptual learning (Mandairon et al. 2006b (Mandairon et al. , 2006c Mandairon and Linster, 2009; Moreno et al. 2009 ), associative learning (Escanilla et al. 2008) , noradrenergic, cholinergic and estrogen receptor modulation (Mandairon et al. 2006a; Guérin et al. 2008; Mandairon et al. 2008; Dillon et al. 2013; Manella et al. 2013) , odor concentration (McNamara et al. 2007 ), short term stress (Manella et al. 2013) . Together, these data show that nonassociative memory is plastic and subject to changes in task parameters similarly to associative memory.
